Developmental stability was assessed among lines of mice subjected to 11 generations of selection for increased (up line) and decreased (down line) widths of the first maxillary molar (M'), primarily to test the hypothesis that this stability would decline over time as a result of selection. Fluctuating asymmetry (FA) was used as an inverse measure of developmental stability, and was calculated for the M' and a correlated character, the second mandibular molar (M2), in each generation. As measured by the regression of FA on generations, there was a statistically significant decline in stability only in the down selection line for the M2, and this trend did not differ significantly from that for the control line. The combined regressions obtained from pooling over all three lines were significantly different from zero in both molars, however, and this was taken to be evidence of a decline in stability due to increased homozygosity presumably generated by inbreeding during the selection experiment. The variation in FA among generations was greater for the selection lines than the control line for both molars, especially for the M2. The heritability of the M1 (and M2) was high, but there was no significant additive genetic variance for FA in either molar.
INTRODUCTION
Beginning with the early demonstrations by Lerner (1954) of the generally greater fitness of heterozygotes compa'red to homozygotes, there has been continued interest in the genetical basis for developmental stability or homeostasis. Lerner's original hypothesis has since been amply verified in inbred/hybrid comparisons (Leamy, 1984) , but trends in developmental stability are less clear for characters in outcrossing populations or populations subjected to directional selection. Strong directional selection ought to cause a decline in stability if such selection either favours homozygous individuals or alters the population mean from its assumed optimum (Soule, 1967) . The evidence on this matter has been mixed (Bradley, 1980; Leamy and Atchley, 1985) , however, and more studies are needed before we can formulate general expectations for the effect of selection on developmental stability.
Developmental stability most often has been assessed by the magnitude of fluctuating asymmetry (FA) in bilateral characters (Mather, 1953; Thoday, 1958; Beardmore, 1960; Van Valen, 1962 ; Soule, 1979 Soule, , 1982 Leamy, 1984 ; Leamy and Atchley, 1985) . FA itself is measured in these characters by the differences between left and right sides after first correcting for the presence of any directional asymmetry. Directional asymmetry occurs when one side is significantly larger than the other, but it is the random differences remaining between sides which comprise FA. Presumably these differences are the result of a geneticallybased developmental process which tries, but nearly always fails, to produce perfect mirror images on each side (Van Valen, 1962; Bader, 1965) . FA therefore is taken to be an inverse measure of developmental stability, with increased amounts of FA implying decreased developmental stability and vice versa.
The present study is concerned with assessing developmental homeostasis in a population of mice subjected to selection for the width of the first maxillary molar. FA is used as a measure of homeostasis both for this selected character as well as a correlated character, width of the second mandibular molar. The major hypothesis to be tested is that developmental stability in these characters declines during the selection process. If this is true, then we would expect an increase of FA over time in both the up and down selection lines, especially as compared to that for the control line.
MATERIALS AND METHODS
The mice used in this study were produced in a previous two-way directional selection experiment for the width of the first maxillary molar, M' (Larson, 1971 ). The genetically variable, randombred strain of house mice, Ha/ICR (Bader, 1965) , was used to form the base population for the experi- Single-pair matings of individuals were done systematically (Poiley, 1960) each generation in order to minimise inbreeding (Larson, 1971) . In most generations, however, occasional pairs failed to produce progeny and thus 20 litters were not always available from which to draw parents of the next generation. And even when all were available, the selection process resulted in only certain families being used. As a consequence, effective population sizes in the selection lines were less than the optimal number of 40, and the calculated rate of inbreeding (Falconer, 1981) throughout the generations averaged 00l8 in the high line, 0017 in the low line, and 0011 in the control line.
All litters produced each generation were standardised at birth to three males and three females where possible. Each individual was weaned by 25 days of age and sacrificed between 6 and 15 weeks of age, the precise time of sacrifice depending in part on whether the individual served as a parent for the next generation offspring. After sacrifice, all skulls were prepared by the papain digestion technique (Luther, 1949) . The actual sample sizes varied from 39 to 60 for each sex in each generation of the up, control, and down lines, the total number of mice used being 3460 (1731 males, 1729 females).
Widths of both the left and the right sides of the M1 were measured on all mice throughout the 11 generations. Additionally, left and right widths of the second mandibular molar, M2, were measured on all mice from the first 8 generations.
Measurements were taken at essentially the widest part of the teeth, these dimensions being ageconstant since the molars do not grow after they erupt into the oral cavity (Bader, 1965) . All measurements were made to the nearest micron with a Gaertner traveling microscope. Their repeatibility was excellent, occasional repeat measures generally being within 6 microns of the original measurement (Larson, 1971) . It should be noted, incidentally, that the analysis below is based on the results of these more precise dental measurements and not on the initial estimates of left M1 widths used in the selection process.
Fluctuating asymmetry in the M' and M2 widths was calculated for male and female mice in each generation in the up, control, and down lines by two separate methods. These methods yielded two measures of FA, here called mean asymmetry and variance asymmetry. To obtain mean asymmetries, right minus left differences first were calculated for each sample. The mean of these differences (in each sample) was next subtracted from each value in order to make their overall mean zero and eliminate any effects due to directional asymmetry (where one side is statistically greater than the other). Mean asymmetry values in each sex by generation by line sample (66 total for the M', 48 for the M2) were then calculated simply by the means of the absolute differences. To correct for potential associations of the mean asymmetry values with the actual mean values of the tooth widths over all generations and lines (scaling effects, see Soule, 1967) , the mean asymmetry values were appropriately adjusted via regression techniques (Sokal and Rohlf, 1981) prior to analysis.
Variance asymmetry values for each line by generation by sex combination were estimated from error variances obtained in two-way analyses of variance of the logarithmically-transformed data, the transformation being made to eliminate potential scaling effects. In these analyses of variance, sides was one factor and individuals was the second (Leamy, 1984) . The sides component estimates (and effectively adjusts for) any directional asymmetry, and the error variance represents the interaction between sides and individuals and is used to estimate the variance asymmetry. This error variance presumably is generated by local environmental effects acting on the left or the right molar widths, and also is equivalent to what is known as special environmental variance (Falconer, 1981) .
The variance asymmetry for each molar also may be estimated by the percentage contribution of the error variance to the total variance, this being an especially useful method of assessing the relative magnitude of FA (Leamy, 1984) . When assessed this way, these values actually are equivalent to 1 minus the intra-class correlation, or repeatibility, between left and right sides.
Repeatibilities in turn are of interest because they estimate the sum of both genetic and general environmental influences (Falconer, 1981) affecting the molars.
RESULTS
Before the results of the FA analysis are presented, it is first instructive to examine the actual means of the molars themselves throughout the generations. These are given in table 1 for the combined sexes in the up, control, and down lines. As may be seen, M' widths average about 1143 microns at the start of selection, increasing to 1245 microns in the up line and decreasing to 1029 microns in the down line after 11 generations. The response to selection is continuous and is quite symmetric (average of 11 microns per generation for the first 8 generations in both the up and down selection lines; Larson, 1971) . The correlated response to selection for the M2 also is apparent, although its magnitude over the 8 generations measured (7 microns per generation in the high line, 6 in the low line) is somewhat less than that achieved for theM1 (Larson, 1971) . Further information regarding selection differentials, realised heritabilities, and other details may be found in Larson (1971) , but the important point to note here is that there has been successful and substantial bidirectional change in both molars as a result of the selection process.
The variances of the tooth widths in the three lines throughout the generations also are given in table 1 in order to provide some insight into the variability of these characters. As may be seen, the variances range in magnitude from about 300 to 800, and vary considerably from one generation to the next. Their means for the high, control, and low lines, respectively, are 539, 524, and 487 for the M1, and 537, 448, and 395 for the M2. Thus there is some indication of a scaling effect, although line and generation differences of these variances for both molars were not significantly different in analyses of variance. Further, analyses of covariance showed that regressions of variances on generations were not significantly different among the three lines in either molar, and that the combined regressions obtained from pooling over all lines were not significantly different from zero. in general, therefore, variances for both teeth are homogeneous throughout all lines and generations.
The mean asymmetry values correlated highly with the variance asymmetry values calculated in each line and generation, and it therefore was decided to use only the mean asymmetries throughout the analysis. The contributions of the variance asymmetry values to the total variance are given in table 2, however, primarily in order to provide a measure of FA variation within generations and also an assessment of the relative fig. 1 . For the M', these values range from 8 to nearly 12 microns, their overall average being nearly 10. All lines appear to show a general increase in FA through time, especially during the last 3 generations. The range for the M2 FA values is somewhat more restricted (approximately 7 to 9 microns) and their average is slightly over 8 microns. Their magnitude is consistent in the control line (except for the drop to 7.1 microns in generation 2), but generally tends to increase in the up and especially the down selection line.
These trends are quantified in table 3 where the means and variances of the mean FA values over generations, as well as their regressions on generations, are given for each line. As for trends over time, the positive sign of all six individual regressions indicates that FA has generally increased through the generations. The values are highest in magnitude for the M2 in both selection lines, especially that for the down line (0.27) which in fact is the only one significantly different from zero (P <0.05). However, analyses of covariance indicated that comparisons of these regressions among all three lines, between up versus down lines, and between both selected lines versus the controls, all were non-significant for both molars. Common regressions were therefore obtained by pooling over all lines, and these were significantly different from zero (P<005) for both the M' (0.10) and M2 (0.14). Thus developmental stability in both molars definitely appears to have decreased with time, but across all lines, control and selection alike.
Although trends in the FA values over time are of principal importance in this study, patterns in the means and variances of these values among the lines also are of some interest. As may be seen in table 3, the averages of the mean FA values for both molars are quite similar in all three lines, so it is apparent that the overall mean level of fluctuating asymmetry has not been affected by selection. Variances of the mean FA values among generations are greater in the selection lines than in the control line for both molars, however, both the up versus control and down versus control variance comparisons being significant (P<0.05) for the M2, but not (P=010) for the M1. FA variability therefore apparently has been affected by selection, at least for the M2. The analysis of variance of the mean FAs in both molars is given in fig. 1 ) more so than the overall positive upward trend. instance, however, in general there is little association of the FA values either between molars or lines.
DISCUSSION
The basic purpose of this experiment was to discover whether developmental stability in the widths of the two molars in this population of mice has decreased as a result of selection. As inversely measured by fluctuating asymmetry, there was such a decline in stability in both molars, but it occurred for the control line as well as the selected lines in the molar subjected to direct selection, the M1.
Trends for the M2 were much more suggestive in that both selected lines showed a greater increase in FA over time (pooled regression=O21; P< 0.05) compared to that for the control line (regression=0.01), but the comparison itself (of selection versus control line regressions) was not statistically significant. We are thus left with the conclusion that developmental stability in both molars has declined through the several generations, but this decline is common to both the selection and control lines. Although there clearly was an increase through time in the magnitude of FA in the selection and control lines, it must be borne in mind that this pattern is based on sampling from a relatively few generations. Even though a rather large total number of mice of both sexes was used, sampling variation can certainly affect trends based on the means of the FA values at each generation. Inspection of the control line mean FA values for M' (table 2) , for example, shows that their upward trend is primarily due to high values in the last three generations; in fact, the regression of FAs on the first 8 generations only is negative in sign (-0.044). These three values also undoubtedly have contributed to the somewhat higher variability of the control line FAs in this molar (compared to the M2), to the significant overall variation among generations detected in the analysis of variance (table 4) , and to the positive correlation of FAs between the control and up lines (table 5) .
It is reasonable to believe that the regression of FA on generations ought to be rather low in magnitude in the control line, because developmental stability should remain roughly constant or even increase (and thus FA decrease) with time in a population subjected only to natural selection (Soule, 1979) . There was some unconscious selection for larger M1 widths themselves in the control line (see Larson, 1971 ), but it was very small in magnitude compared to that actually practiced in the up line and should have had little or no effect on FA. Chaeta numbers and their FA did significantly decline in the control population of Drosophila used by Bradley (1980) , especially over the last 20 compared to the first 20 generations. It was originally hypothesized that FA in both molars in the up and down selection lines should increase (and developmental stability decrease) if in fact the selection process has produced increased homozygosity which in turn is negatively associated with development stability (Mitton, 1978; Soule, 1979; Soule and Cuzin-Roudy, 1982; Leamy, 1984; Livshits and Kobyliansky, 1985) . Fixation of alleles leading to increased homozygosity is one expected theoretical result of directional selection (Falconer, 1981) , although it is difficult to say how important this has been in the mouse selection lines. The selection limit has not yet been reached here, and also the heritabilities of both molars remained consistently high through the generations (Larson, 1971) , so it possible that the differences in homozygosity between the selection and control lines are not as great as expected.
On the other hand, there seems little doubt that inbreeding has been a significant factor in producing homozygosity, probably for all three lines. Robertson (1961) has shown that selection acts to reduce the effective size of a population and thus increase the rate of inbreeding, and that this effect is expected to be greater when the selection criterion has a high heritability. The heritability of the width of the M1 was rather high (average of 0.6) throughout the generations (Larson, 1971) , and in fact this was reflected in the substantial rates of inbreeding previously given. To see whether there was a significant association of inbreeding and FA, regressions of the FA values on the inbreeding coefficients (F values x 100) were calculated for each line. For the up, control, and down lines, these values were 007, 007, and 009 for the M1 and 009, 001, and 026 for the M2. The three regressions for each molar were not significantly different, so common regressions were calculated for the M1 (0.07) and M2 (0.09), both of which were significantly different from zero (P <005) . Basically these values parallel those for the regressions of FA on generations, and suggest that inbreeding did indeed have a significant effect on the level of FA throughout the generations.
It should be mentioned that a number of studies (for example, Soule, 1967) have shown that the effects of homozygosity on bilateral characters are relatively general; that is, their FA seems to increase with homozygosity at most loci. Many populations in fact seem to have a characteristic level of FA among all of their bilateral characters, a level which may differ considerably from that of other populations (see discussion of the "population asymmetry parameter" in Soule, 1967; Leamy, 1984) . In the selection experiment here, the two molars share many genes in common since the genetic correlation between them was consistently high (average of about +0.7) throughout the generations and lines (Larson, 1971) . However, a similar decline in FA through the generations might have been expected even for other bilateral characters not pleiotropically related to M1. Perhaps as important as the general increase of FA was its greater variability throughout the generations in the selection lines compared to the controls, especially for the M2. What this suggests is that directional selection somehow has influenced FA (and therefore developmental stability) in these molars, causing its magnitude to vary more from one generation to the next. This is not merely a scaling effect, incidentally, because regression adjustments were made in the calculation of the FA values; further, the pattern of change in these values throughout the generations is mainly one of randomness ( fig. 1) . In an experiment with Drosophila, Bradley (1980) found greater amonggeneration variation of FA of chaeta number in lines subjected to natural selection (where chaeta number declined) than in lines subjected to stabilising selection (where chaeta number remained constant). It therefore is possible that increased variability of FA among generations may well be one of the consequences of directional selection, but more experiments will be needed to discover whether this is generally true.
It was interesting that in the face of the increased between-generation variation of FA in the selection lines as well as the general increase of mean and variance FA in all lines, the relative contribution of the (variance) asymmetry to the total variance was homogeneous throughout the lines and generations. In part this is no doubt a consequence of the considerable variation among the variances of the molars themselves (see table 1), the FA percentage contributions to these total variances also reflecting this variability (table 2) . Repeatibilities obtained for both molars by subtracting these values from 1 also naturally exhibited the same amount of variation among the lines and generations.
General environmental variances (Falconer, 1981) Although bilateral characters such as teeth often are significantly heritable, usually the heritability of the differences between their sides (FA) is zero or very low (Reeve, 1960; Leamy, 1984;  Maynard Smith et a!., 1985) . Regressions of offspring on midparent (Falconer, 1981) were used to estimate heritabilities of FA here, and for the up, control, and down lines, averaged 001, -002, and 011 for the M', and -0'04, 005, and -0.01 for the M2. In spite of the rather small standard errors associated with these estimates (about 005 to 0.06), none reached statistical significance. Thus like most other characters so analysed, the molar widths show no significant additive genetic variation for FA. Maynard Smith et a!. (1985) have suggested that the lack of genetic variation in a trait may be taken as evidence that it is under a developmental constraint. Whatever the actual case, it is apparent that much remains to be learned about the genetic and environmental interplay responsible for the creation and change in FA and developmental stability during selection.
